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FOREWORD

Study 2.1, Optaratiohé Analysis, has been performed under the direc-
tion of Mr. V. N. Huff, NASA Headquarters, Washington, D.C., Code MTE,

Contract No. NASW-2575.

ABSTRACT

Attitude control, guidance and navigation performance requirements are
examined for selected NASA space serviceable mission spacecraft. Control
elements (sensors, momentum exchange devices and thruste rs) are described

:which can be used to define space replaceable units (SRU's). A number of
SRU's are developed and their reliability block diagrams-presented. An
assignment of the SRU's is made to define a set of feasgible space service-

able spacecraft for the missions of interest.
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- I, INTRODUCTION

This report summarizes the results of a study inténded to define a set
of space replaceable units (SRU's) which can be used for attitude control, guid-
ance and navigation of selected automated NASA missions. The intent of the
rstudy was to develop feasible space replaceable units of standard design. Also,
sufficient detail was desired so that a preliminary cosf, and reliability analysis
could be performed and integrated into an overall computer simultation currently
being developed. ‘, _

The space replaceable SRU's were defined in terms of the various sensors,
thrusters and momentum exchange devices required for aftitude control, station-
keeping and guidance and navigation functions. Minimum ihterfacing between the
SRU's and the physical dimensions essentially determined their composition,

Sun and earth sensors were grouped together while different reaction wheel sizes,
control moment gyros, magnetic torquers and propulsion-units were defined in
other SRU's, _

| The report provides a brief description of the separate coniponents of all
SRU's. The attitude control, navigation and guidance requirements for the
missgions of interest were obtained from various sources or assumed based on
the mission objectives. A definition of the variocus SRU's was presented and an
assignment to different spacecraft made, The results of the study mavy be
regarded as a firsf approximation to a feasible system 6f'automated space ser-
viceable satellites which can be placed into mission orbits and serviced period-

ically by an upper stage of the Space Transportation System (i, e., Tug).



II. BASIC ATTITUDE AND VELOCITY
- - - . CONTROL SYSTEM ELEMENTS..

A, Computer and the Auxiliary Electronics Assernbly

This section of the report examines various control elements which
can be used in the épace replaceable units for the attitude and the on-orbit con-
trol (stationkeeping, | guidance and navigation) functions, A general functional
control concept is shown in Fig, 1. The central element is seen to be the guid-
ance and control processor assembly (GCPA)} or computer to which an auxiliary
electronics assembly may be appended. |

The main fﬁnction of the GCPA (computer) is to:

1. Store gains, time constants, saturation 1imits for all control
modes.

2. Perform arithmetic operations using attitude and orbit mainte-
nance control laws,
Provide fault detection and diagnostics. _

4. Provide time, synchronization, restart and initialization of

programs.

The functional parts of the GCPA can be identified as shown in Fig. 2. The
size can be on the order of 7 x 8 x 13 inches and the weighf 20 1b,

The auxiliary electronics assembly (AEA) collects in one package all atti-
tude and velocity control electronics that are not a part of the guidance and control
processor assembly, The AEA can thus be used to perform attitude control func-
tions if GCPA is not required or if the power level and processing speed cannot
be provided conveniently with the GCPFA.,

The AEA can be generally divided into the following functional areas:

1. Selection and configuration control of atti_f_cudy‘é,_‘and#elbcity
control system (AVCS) hardware,

2, Timing and Detection {frequency clock, countdown logic, power

transient detector),
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3. Power amplification and drive to the reaction wheel
or control moment gyro spin motor., Also tachometer
transmission to GCPA.,

4, Gimbal Drive Electronics for RW or CMG (stepper, motor
drive, resolver drive and position processing). -

5. Solar array drive (stepper motor with pc_}sit_i.on feedback loop).

6. Valve Timing and Drive (redundant drive amplifiers).

The AEA assembly is typically 7 X 8 X 9 inches and weights 10 1b,

B, Sensing Elements

The basic sensors which can be used are indicated in Fig., 1.
(1) Earth Sensors
Ea_rth'Sensor Assembly (ESA) is typically a scanning sensor

utilizing the 14 to 16 micrometer spectral range. Four separate heads can
be used with separate electronic channels for each head. Any two channelsg
can provide roll and pitch error angles for earth-folloﬁing-vehicles. The
ESA telescope field of view is dependent on the orbital alti‘_cﬁde. The infra-
red discontinuity at the horizon edges is detected by a thermistor bolometer
the output of which is digital words. Typical accuracy is 0, 041° (30) for a

scanning sensor at synchronous altitude. _ _
Typical power required is 10 watts, weight is 24 1b and the

size 10 x 10 x 5 inches, which includes the electronics c:ir_cuits as well, A
functional block diagram is shown in Fig, 3.
{2) Sun Sensors 7

A coarse Sun Sensor Assembly (SSA) can be used for space-
craft or solar array control. The solar aspect signals can be generated by
the S5A., Kach SSA consists typically of six silicon solar cells with the output
from opposing pairs subtracted from each other in the auxiliary electronics
assembly (AEA). Two SSA's are generally required for a 41 steradian cover-
age. Typical accuracy (30) is 0,32° (null), weight 0.9 Ib per head and the

size 2.4 x 3,0 x 3.6 inches. Minimum or no power is required,
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A Fine Sun Sensor Assembly (F'SSA) is requ1red for p01nt1ng
- accuracies on the order of £+ 2 arc thinutes, The field of view is + 15° 'The'
FSSA also uses silicon cells.

An ADCOLE Aspect Digital Sun Sensor can be used where inter-
mediate accuracies (¢ 0.250) are required. Three axis attitude determination
is possible with 5 sensors each weighing under a pound: A block diagram is
shown in Fig. 4. A high resolution Adcole sun sensor can also be used.for
14 arc second resolution and 1 arc minute accuracy,

(3} Gimbaled Star Trackers

A two degree of freedom gimbal star tracker of the Orbiting
Astronomical Observatory type can be used for detection, Iacquisition and
tracking of 2. 0 magnitude stars in space, The general characteristics are
as follows: | | '

Tracking Accuracy (Two Axes) 30 arc :sec (1o}

Field of view + 0,5°
Resolution of Encoder b arc sec
Command Resoclution 10 arc sec

System Weight (Gimbal

Electronics, Resolver) 52 1b
High voltage _ 1000 VDC
Syst_em Power : 20 W‘a.tts

The command and track modes enable the tracker telescope to
be pointed by external command signals and track in a closed loop servosystem.

A simplified functional block diagram for these modes is shown in Fig, 5,

| Telescope Photomultiplier Detector
“Gimbal  |Error Resalva
Drive otver
Command

Fig. 5. Gimbaled Star Tracker Electronics



SUN

AFT-YAw

F - YA R AX
e e

2\ 6 8 1012 14 16 182022

ENTRANCE SLIT

da 22208 i @ 12 0 B & 2

INDIVIDUAL COARSE EYE
RESPONSE

SUN

24 22 20

F WD -Yaw

AFT-YAW

2468 0@ W6

RETICLE

GRAY-CODED PATTERN

PHOTOCELLS

PHOTOCELL QUTPUTS

6 1412 108 6 4 2
— FALSE NULL
. TRUE NULL

COMPOSITE COARSE EYE
RESFOMSE

Fig., 4,

FALSE NuLL

'Block Diagram of ADCQLE‘Asp'éct. Sensor Operations \

20 22

1

!
[
[ '8

VVVV
| Lo

o]

YYYV AMPLIF(ER

— >
TO TELE METRY

o]

BUFFER STORAGE

(Ref. 2)



GYRO REBALANCE AMPLIFIER

CLOCK FILTER AND rd PICKOFF | PICKCFF , DEMODULATOR | pc
INFUT I 1 AMPLIFIER [ S| PRIMARY | SECONDARY [ 1] PREAMPLIFIER | AND AMPLIFIER

Y

COMPLIANCE |
COUNT-I I spiN ' S YOR
LOGIC EXCITATION |
TORQUER <— |
TEMPERATURE
SENSE
o LOW PASS
— —b RATE OUTPUT
SAMPLING
RESISTOR
= EMPERA
> ‘T'ELEMETRT\L(J ® b RO T PERATURE
veniia TELEMETRY |
SPIN MOTOR ‘
> ROTATION _b?EPII.?MhE“%LOR
DETECTOR

—$ +15 VDC (FILTERED)

+15VDC —p{  FILTER +5 VDC SOURCE

VY

b AA
Y

-15vDC =4 FILTER $ -15 VDC (FILTERED)

P POWER TELEME TRY

Fig. 6. RGA Block Diagram



(4) Rate Gyro Assembly

The rate gyro assembly (RGA) consists of a single degree of
freedom rate integrating gyro with a torque-rebalance servo loop. External
power at £ 15 vdc and a clock signal are required., A block diagram is shown
in Fig. 6. The size is 2 x 6 X 8 inches, weight 2.9 1b. _

A group of three rate gyros with orthogonal sensing axes may
be employed for three-axis measurement of angular velocities if an inertial
measuring unit is not inéluded. The latter can also prov{de angular position
and translational acceleration information (optional) and would generally obviate

the need for a three-axis rate gyro package.

(5) Inertial Measuring Unit (IMU)

The IMU is an ultra-precision gyro inertial system. The inertial
package is a temperature controlled cube 9 inches on a side. It contains three
precision rate integrating gyros, three accelerometers, the gyro control and
-readout electronics and a frequency source required for the electronics. The
gyros are operated with binary pulse restrained torque loop. Torque data from
the gyros is processed as rate and rate integrals (i. e, , angles) in the electronics
~and converted to analog s1gnals for use in the spacecraft attitude and velocity
control system (AVCS) A functlonal block dlagram for the "strapdown' config-

uration where the gyros are hard rnounted to the spacec:ra.ft is shown in Fig., 7.

~at——3»= 3 Rate Integrafing Gyros

Command Control and
Signal
—_—— Readout

Electronics

3 Ag.éelerometers

Fig. 7. IMU Block Diagram

-10-



A single integrating rate gyro restraint loop is shown in

Fig. 8
Current ' loraue Integrating Gvro Error
Rate
Generator | e— Gyro B
| - Torque
|
1 AC Amp
: I Demodulator
Torque . .
Polarity . o .
Selecti : S
T Polarity
— * Detection
" Sample and
Gyro Unit Out put : ) R
(Torque Word) - 4

200 HZ

- Fig. 8. IMU Gyro Restraint Loop
{Ref, 2)

The IMU characteristics depend on the mode of operation
selected, Thus for SLEW and HOLD modes, the rate measuring capabilities
are 2 and . 004 deg/sec respectively. The power required is 75 watts |
(28 v unregulated). The weight is on the order of 100 1b {inertial package
and electronics). The IMU receives and transmits signéls to the Guidance

and Control Computer for execution of precise attitude and orbit ‘velocitf

control commands.

C. Force & Torque Generating Systems
The control authority {force and torque generation) for attitude

and on-orbkit position maintenance can be obtained from mass expulsion

-1l



systems. Most common applications involve cold gas (gaseous nitrogen GN )
hot gas (hydrazine N2H4) or ion thrusters. Torque generation can be obtalned
from momentum exchange devices (reaction wheel or control moment gyro) or

a magnetic torquer. The basic characteristics of these elements are described
in what follows:

(1) Reaction Wheel (RW) ‘

Three reaction wheels may be employed fo stabilize a space-
craft about each of three axes or a single wheel [g1mbaled, ~constant speed or
modulated) may be utilized to provide gyroscopic stab111ty about two axes and
closed loop control about the third axis. A momentum unl-oadmg {dumping)
mechanism is usually required to maintain the wheel speed below a critical
value, This can be a mass expulsion or magnetic type.

A typical block diagram for closed loop reaction wheel control
about an axis is shown in Fig. 9. In this Figure the lead compensation intro-
duces a phase lead into the control loop to insure good transient response and
sufficient damping. Integral compensation drives the pointing error to zero.
The Limiter allows the tachometer loop to assume control of the wheel when
attitude errors are too large. This prevents wheel speed. from exceeding
design limits. In normal operation, the tachometer deadzone limits the mgnal.
However, durmg wheel turn-on and when attltude errors are large, the tacho-
meter loop brings the wheel up to proper speed.

A typical 5 ft-1b-sec wheel requires 1 - 24 watts (peak).power
for operation, weighs 15 1b and is 12 X 5 inches in size, Approximate

weight of a reaction wheel can be found from W = 7HO' 4 where H is the

angular momentum,
(2) Control Moment Gyro {CMG)

Atwo degree of freedom control moment gyro (CMG) is a con-
stant high speed rotor device with two orthogonal gxmbals.. The CMG is useful
primarily when h1gh control torques and pointing accuracy’ are reqmred
Velocity response of the spacecraft is obtained with low a_nd constant power,
high torque gain§ and minimum reset times. Because of i-ﬁteraxis dynamic

coupling and relatively complex control laws, an onboard computer is required,

<lz2-



_s'[p

Angle
Command .
+

: |

Integral
Compensation

Lead
Compenasation

Limiter

1. Reaction ,
Wheel _ . _Motor -Torque

Motor

Deadzone

Deadzone

i

Unloading jeg-——dJ

Computer
(Unloading

Logic)

'

Valve Drivers,

Wheel Bias Speed

Magnetic Torquer

Attitude
Sensor

L Tachometer |-

| Vehicle l

Fig., 9, Reaction Wheel Attitude Control Subsystem |



The CMG's can be used in clusters of three units for maxi- _
mum efficiency and reliability. The steering law uses the attitude and atti-
tude rate errors to generate a three axis torque command vector which is
transformed into the CMG command gimbal rates. A matrix relating the
six gimbal rates (3 CMG's) to the resultant torque output-enables calculation
of the desired gimbal rates.

A typical block diagram is shown in Fig. 10 which is similar to
the Apollo Telescope Mount Control Syétem. The 3CMG cluster can provide
high accuracies and stability (over a s-pecified time interval) suchas = 0.5 arc
sec in conjunction with a star sensing system and a magnetlc momentum un-
loading torquer, For a 500 ft-lb-sec CMG the weight is 200 1b, size 4 ft3 and
the average power required, 25 watts.

(3) Mass Expulsion Systems

Simpiest mass expulsion (reaction control) systems utilize
gaseous nitrogen (GNz) or hydrazine N,H 4 A cold gas propulsion subsystem
which can be used is shown in Fig. 1} and a hydrazine RCS in Fig, 12, The
nitrogen gas provideé an Isp 70 sec, while that for the hydrazine is on the
order of 200 sec for the higher level thrusters,

(4) Momentum Removal by a Magnetic Torquer'

The earth's ambient magnetic field can be used effectively for a
satellite's angular momentum remeoval in low earth orbits. This can be
achieved by genelrating a controlled magnetic moment in a vehicle which inter-
acts with the earth's magnetic field producing an external torque. The basic
advantage of this approach is that no propellant is expended for rermnoving the
angular momentum from reaction wheels or control moment gyros, The pri-
mary requirements are electrical power and a set of magnetometers (three
axis) shown in Fig. 13 which determine the components of the magnetic field
in the spacecraft body coordinates, A set of three orthogonal coils for current
loops and an appropriate logic {computer) are also reqﬁ.ife'd in such a scheme.
A block dlagram is shown in Fig, 14. ' . '

The size and weight of the magnetic torquer would normally de-
pend on the size and orbit altitude of the vehicle. Such considerations as whether

the torquing is continuous, intermittent or optimal also affect the physical

-14-
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characteristics of the torquer and the computer logic required, As an exam-
ple, a representative coil might consist of a thousand tu;-n's'of-- an aluminum

or copper wire, have a one foot radius and require.a current of 6 milliamperes,
Power required would be on the order of 100 milliwatts a.nd the weight 10 1b,

Three such coils could be required for a typical vehicle application.
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I11. SPACE SERVICEABLE A.TTITUDE VELOCI’IY
AND GUIDANCE REQUIREMENTS: -~

The pointing accuracies, attitude and slew rate requirements for the
satellites of interest were obtained or estimated from NASA and other sources.
The guidance and navigation requirements were estimated -assuming earth
tracking and data processing capabilities, The control cléments (reaction
wheels, CMG's, gas jets, etc.) and their characteristics were simila.rljr
determined on the basis of past experience or previous studies, These re-

quirements are summarized in Tables I and II,

The estimates -C_)f the satellite's momentum storage. .requirements were
made using approximately 0.5 to 1% or less of the satellite weight, This ap-
pr'oach shows that a number of different reaction wheel SRU's are required,
The actual reaction wheel requirements depend on the pointing accuracy, atti-
tude rates, and the ‘env‘ironmental torques which will be seen by the satellites,
Since only the pointing accuracies and attitude rates are khown at preseht (the
environmental torques are a strong function of the vehicle geometry), three
different reaction wheel SRU's can be used. Single 5- and 10 ft-lb-sec whcel

modules and a 3-wheel (orthogonal axes) SRU thus appear to be adequate for

the satellites of interest.

The thruster characteristics indicate that a 0.1 1b low-level thruster
and a 5-1b high-level thruster appear most frequently in the requirements.
The low level thruster can be used for attitude control while the 5-1b thruster
is suitable for orbit maintenance (stationkeeping) and repdsitioning. The total
velocity impulse requirements are specified either in 'ftfsec, propellant weight
or impulse units as available, These quantities are useful only for the propel-
lant loading estimates and are also subject to significant revisions in futﬁ;-e
studies. The guidance and.navigation requirements represent the current state-

of -the-art capabilities,

-21-



Table I Attitude and Velocity Control System Design Parameters

) Pa ;r lua.d. ‘Code

Attitude Rates

!

(1) Knowledge of pointing £ 0,00172 deg
{2) Knowledge of pointing £ 0.00143 deg
{3) Measgure attitude +0, 10 relative to an sarth centered coordinate system

{4} Measure attitude 0, 5° relative to an earth centered coordinate system

{5) More accurate pointing (to £1°) will be required during orbit maintenance
{6) Attitude determination to 20, 05° (lnowledge to £0, 0025°)
(7) Attitude determination to £0, 25¢

-22-

Pointing . o
Mission Accuracy Less Than Slew Rates
Model SSPDA Payload Name +({deg) {deg/sec} (deg/sec)
AST-1B [AS-03 Coeamic Background I min . 0o} 0.1 - 1.0
'AST-1C [AS-05  |Adv Radio Astronomy } sec 1074 0.1 - 1.0
AST-3  |50-03 Solar Phyaics Mission 1.2 sec, 0,29 1.2 sec/sec 0.1-1,0
AST-9A [HE-11 Focusing X-ray Telescope - 1.2 M [30 sec, 1 sec 1074 0.01 - 1,0
AST-9B IHE-0i Focusing X-ray Telescope - 3.0 M |30 sec, 1 sec 1074 0.01 - 1.0
PHY-1A .HE-O07 Small High Energy Observatory 1 min . 001 ¢.t
"PHY-1B AP-01 Upper Atmosphere Explorer 2 . 001 0.1
PHY-I1C AP-02 Medium Altitude Explorer 2 . 001 0.1
PHY-2A 'AP-04 Gravity & Rel - Farth Orbit (1 0.05) sec 107 0.1
'E0-3A |EO-08  |Earth Observatory Satellite 1-0.01 2x10°° 0.0
FO-4A |EO-09  {Sync Earth Observatory Sat L0172t 1074 1.0
'Fo-6  ;FO-12  |TIROS .01 2 x 107° 0.1
!1 EOQ-7 I-E‘O—l'a’ Sync Meteorological Sat 0.07(® 1074 0.3
FOP-3 |OP-07 |SEASAT - B 23} . 001 None
'FOP-4 [OP-01  |Geopause 3(4) . 001 0.1
|FOoP-07 JOP-04 |GRAVSAT 33 . 001 0.1
INN/D-1 {CN-51 |international Comm 0.16 0. 001 0.1
INN/D-2A]CN-52  |U.S. Domestic - A 0.2'6 0. 001 0.1
‘:NN/D-zB CN-53 U.5. Domestic - B (Adv) 0.16 0. 001 0.1
' :
INN/D-2C|CN-58  |U.S. Domestic - C (TDRS} 0. 58'7) 0. 001 0.1
'NN/D-3 |CN-54  |Disaster Warning 0.11 1074 0.01
ENN/D-‘{ CN-55 Traffic Management 0,3 0.001 0.1
':NN/D-S CN-56 Foreign Communications 0.2 0.001 0:1
k NND-6 CN-5H9 Communications R&D/Proto 0.2 0.001 0.1
NN/D-8 EO-56 | Environmental Monitoring Satellite .01 zx10°® 0.1
NN/D-11| EOQG-61 Earth Resource - LEO 0.7 , D01 0,01
NN/D-12} FO-59 Earth Resource - Geosync 10 Bec . 001 0.1
NN/D-13| EO-62 | Earth Resource - Foreign 6 min . 001 0,1
| NN/D-14| OP-08 Global Farth & Ocean Monitoring 0.5 . 001 0.1




Table I,

Attitude and Velocity Control System Design Parameters

{continued)
I- wl‘-’:'n;rluad C::h Attitude and Stationkeeping Thrustets
Mission M;tr:f:;:m Total . .

Muodel SSPDA ft-1b-gec Thrust {1b) ¥ elocity fimpulse Orientation Reference
AST-IB iAS-O.! 15 R, W. 0.1and 5 330 ft/sec Inertial
AST-IC EAS-OB 13 R.W. 0.1 and 5 330 ft/sec Ine rtial
AST-3 |50-03 30 R.W. 0.1 and5 100 Ib GN, Sun/Star
AST-9A :'HE-II 500 CMG 0,5 and 10 |ZZO 1b GN, Star (computer)

! (3 Req.) + Magnet. Torg.
AST-9B i HE-01 500 CMG 0.5 and 10 |400 b GNZ Star (computer)
‘ ’ {3 Req.) | + Magnet. Torq.
T PHY-1A :HE-DT 14 0.1 and 5 50 1b GN, Inertial
"PHY-1B _AP-01 None 0.1 and 5 200 1b GN, Inertial
:PHY-IC ;AP-02 MNone 0.1 and 5 200 lb-sec Inertial
PHY.2A [AP-04 20 R, W, Low 300 Ib He Star
'FO-3A ]Eo-ua 18 R.W, 0.1and 5 200 1b GN, Earth
EO-4A  1EO-09 bER.W. 0.1and % 151 ft/sec Earth
iEo-ﬁ EO-12 30 R, W. 0.1 and § 200 1b GN, Earth
| EO-7 {EO-7 5 RW, (3Req) 0.5 100 1b N, H, Earth
{FOP-3  |OP-07 30 R, W. 0,1 and 5 200 b GN, Earth
{FOP-4 |OP-01 0 R, W, 0.1 and 5 250 1b GN, Earth
'FoP-07 |oP-04 160 R, W. 0.1 and § 1120 1b GN, Earth
/NN/D-1 |CN-5I 20 R.W. ‘0.0015 Ce Ion 120 1b N,H, Earth
I 0.5 NyH,
INN/D-2A {CN.52 5R.W. 0.1, 0.5 N,H, 50 b N,H Earth
INN/D-2B |CN-53 Z0R.W. lo.oms Ton 120 1b N H, . Farth
g 0.5 NyH,
INN/D-2C [CN-58 5R.W, 0.1, 0.5 N H, 60 1b N, H, ! Earth
INN/D-3 |CN-54 5R.W, 3x10"% fon 251b Ce ! Farth
INN/D-4 {CN-55 SR.W, .1, 5 40 1b C‘-N2 + NZH4 . Farth
:NNID-S CN-56 5 R, W, .1, 0.5 27,577 lb-sec | Earth
i (128 Ib) :
TNKDe6  {CN-50 5R.W, 0.0015 lon 0.5 N,H, 170 1b N,H, Earth
4 I : e
NN/D-8 | EO-56 IDR.W. 0.1, 5 - 00 1b GN, + N;H, Earth
NN/D-11] EO-61 5 R.W. <1 N,H, + Magnetic 30 tb Nqu, Earth
NN/D-12| EO-59 30 R.W. 1,05 180 1b N H, Earth
NN/D-13| EO-62 | 30R.W. - 1,08 180 1b N H, Earth
NN/D-14| oP-08 25 R.W. .1, & 180 Ib NZH-t Earth
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Table 11

Payload Code

Mission

Guidance and Navigation System Design Parameters

Navigation Accuracy {1 ¢

)(l]

Inertial Measuring Guidance
Model SSPDA Payload Code Position ({t) | Velocity {ft/sec} Unitt2} Computer(3)

AST-1B | A5-03 | Cosmic Background 100 0.05 s.p. 4 A.c.®
AST-1C AS-05 | Adv Radio Astronomy 200 0.10 5.D. A, C.
AST-3 §0-03 | Solar Physics Mission 100 0.05 5.D. A.C,
AST-9A HE-11 | Focusing X-ray Telescope - 1.2 M 100 0,05 §.D. A.C,
AST-9B HE-01 | Focusing X-ray Telescope - 3.0 M 100 0,05 5. D, A.C.
PHY-1A HE-07 | Small High Energy Observatory 100 0.05 5.D, A.C,
PHY-1B AP-0l | Upper Atmosphere Explorer 100 0,058 N/A“J} N/A
PHY-1C AP-02 | Medium Altitude Explorer 200 0.140 NfA N/A
PHY-2A | AP-04| Gravity and Rel - Farth Orbit 100 0.05 5.D. A.C.
EO-3A FO-8 Earth Observatory Satellite 100-150 0,05 S$.D, (High Perf.} A.C,
EQ-4A FO-9 Sync Earth Observatory Sat 200 0.10 S.D. + Star Sens. A.C,
EO-b FO-12 | TIROS 100-150 0.05 S.D, + Star Sens. A.C.
EQ-7 EO-7 Sync Meteorological Sat 200 0,10 4 Gyros + 2 Star Sens. A.C.
EQP-3 QP-07 | SEASAT-B 100 0.05 N/A N/A
EQP-4 OP-01 | Geopause 200 0.10 N/A N/A
EOP-07 OP-04 | GRAVSAT 100 0,0% N/A N/A
NN/D-1 CN-51 i International Comm 260 0.10 3 Axis Rate Gyro N/A
NN/D-2A| CN-52 | U,5, Domestic - A 200 0.10 3 Axis Rate Gyro N/a
NN/D-2B| CN-53 | U.S., Domestic - B (Adv) 200 0.10 3 Axis Rate Gyro N/fA
NN/D-2C| CN-58 | U,S5, Domestic - C {TDRS) 200 0.10 3 Axis Rate Gyro N/A
NN/D-3" CN-54 | Disaster Warningl 200 0.10 Single Axis Gyro N/A
NN/D-4 CN-55 | Traffic Managemaent 200 0.10 NiA NfA
NN/D-5 CN-56 | Foreign Communication 200 0.10 N/A N/a
NN/D-6 CN-5%9 | Communication R&D/Proto 200 0.1¢ Single Axis Gyro A.C.
NN/D-8 FO-56 | Enviropmental Monitoring Satellite | 100 0.05 S.D, + Star Sens, A,C.
NN/D-11 EO-61 -} Earth Resource - LEQ 1 QG 0.0% N/A N/A
NN{D-12] EO-59 | Earth Resource - Geosync 200 0,10 S.D. + Star Sens. A.C.
NN/D-13}] EQ-62 | Earth Resource - Foreign 200 0.10 S.D. + Star Sens. A.C.
NN/D-14] OP-08 | Global Earth and Ocean Monitoring 100 0,05 NfA NiA

!

(1) Ground Tracking Assumed
{2} 3 Rate and Integrating Gyros + Accelerometers
{3)  On Board Data Processing and Control

(4) Strapped Down Type

{5} Attitude Control {}5 Bit Data Word Capability Max

{)  Not Applicable




Iv, - STANDARDIZED SUBSYSTEM MODULES

Several modules for sensing, torquing, propulsion and other functions
were defined in terms of the basic control elements shown in Fig. 1. The pri-
mary purpose of the subsystem modules is to provide standardized space
replaceable units oﬁ an as-needed basis., Such SRU's are réquired to provide
3-axis active attitude control and orbital velocity adjustment for the satellites
of interest, The SRU's would normally be placed on a ring type spacecraft

structure and are therefore limited in size, weight,and volume.

A total of 7 SRU's and six variants were defined initially to provide
the sensing, torquing, and computational functions. Three sizes and types of
reaction wheel SRU's were found desirable and two types of propulsion units

{cold gas and hydrazine) were also considered.

In the interest of saving weight and reducing the variety of the total
number of SRU's, only the hot gas (hydrazine) propulsion system was finally
adopted. Two different tank sizes are considered necessary, however, in
order to satisfy the propellant requirements for all missions. Thus the AVCS-7
is a hydrazine SRU with a 15-inch diameter tank while the _AVCS—S is a similar
SRU with a 24-inch diameter tank. The use of a single type of propulsion SRU
for all missions appears feasible at this time although a more detailed study of

‘the performance requirements and capabilities can invalidate this conclusion,

Two sensing SRU's containing sun and star sensors, respectively, were
defined along with their variants utilizing the low and high altitude earth sensors.
A high performance inertial measuring unit (QAO-type} and a computer SRU were
specified for the applications involving high pointing act:ui;acies or stringent
measurement requirements. The magnetic torquer module is included for angu-
lar momentum control in low earth orbits. Description of the SRUis and the cor-

responding information flow block diagrams are shown in Table III,
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TABLE III,

STANDARDIZED SUBSYSTEM MODULES -- ATTITUDE AND VELOCITY CONTROL SYSTEM

MODULE MODULE | & o WT (tp)
CODE NAME [s) COMPONENT a | iTeEM BLOCK DIAGRAM
AVCS-1 Reaction A | Reaction Wheel 1 10
- Wheel .
(5 ft-lb-sec) B | Wheel Electronics 1 3 m n B E .
C | Cables and Clonnectors 1 3
D | Power Conditioning 1 5
E | Remote Terminal 1 5
AVCS-2 Reaction A | Reaction Wheel 1| 18 .
Wheel B | Wheel Electronics 1 3 EJ E B B
(10 fr-1b-sec} o | caples and Connectors 1 3
D | Power Conditioning 1 5
E | Remote Terminal 1 5
AV(CS-)3 Reaction A [ Reaction Wheel 3] 54
. Wheel .
(10 ft-lb-sec/ B | Wheel Electronics 1] 6 D] . B £ |
wheel) & | Cables and Connectors ip .5
D | Power Conditioning 1 5
E| Remate Terminal 1 3
AYCS-4 Control A | CMG Wheel 1] 150
Moment : E n B E E i
Gyro (Double B| Wheel };leclronx_cs 1 10
Gimbal) 1€ | Torguer, Damper and Resolver z 10
{500 ft-Ib-sech i, | - ples and Connectors 1 5
E | Power Conditioning 1 5
F | Remote Terminal 1 5
AVCS-5 Sensing A | Auxiliary Electronics Assembly AEA) 1] lo
B} Rate Gyro Package 1 3
! €| High Altitude Horizon Sensor o1z
D{ Sun Aspect Sensor 5 5
E | Cables and Connectors 1 3
F | Power Conditioning 1 5
G| Remote Terminal 1L 5
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TABLE I, STANDARDIZED SUBSYSTEM MODULES -- ATTITUDE AND VELOGITY CONTROL sYSTEM (CONTINUED)
{iv) " :
MODULE MODULE E. o | W | ' _
CODE NAME g COMPONENT g | ITEM BLOCK DIAGRAM |
AVCS-5A Sensing A | Auxiliary Electronics Assembly [AEA) 1 10 :
B [ Rate Gyro Package 1 3 !
€ | Low Altitude Horizon Sensor 1 12 .‘
D | Sun Aspect Sensor 5 5 ‘
E | Cables and Connectors 1 3 f
F | Power Conditioning 1 5
G | Remote Terminal 1 5
AVCS-6 Sensing A | Auxiliary Electronics Assembly (AEA) 1| 10
B | Gimballed Star Tracker 1 40
C | High Altitude Horizon Sensor 1 12
D | Sun Seasor & 5
E | Cables and Connectors 1 3
F | Power Conditioning 1 5
G | Remote Terminal 1 5
AVCS-bA Sensing A } Auxiliary Electronics Assembly (AEA 1} 10
B | Gimballed Star Tracker H 40
C | Low Altitude Horizon Sensar 1 12 Same as AVCS-6-1
D | Sun Sensor 5 5
E | Cables and Connectors 1 k)
F | Power Conditicning 1 3
G | Remote Terminal 1 5
AVCS.T  Hot Gas  |A [ Nitrogen Tank (7, 5~in OD) 1] s
Propulsion B | Start Valve 1 1
(N,H,) C | Regulator Valve 1 4
D| Termnperature Transducer 2| ®
Small Tank |E | Pressure Transducer 2 | oa
F | Hydrazine Tank (15-in OD) 1 1§
G| Latching Valves 2 1
H| Thruster (0.1 1b) 4 2
1 | Thruster (5, 01b) 3| a3’
J | Remote Texrminal 1 5
K} Power Conditioning 1 3
Cabling AR
Connectors AR,
Environmental Protection AR
JAR

Structure
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TABLE IiI, STANDARDIZED SUBSYSTEM MODULES -- ATTITUDE AND VELOCITY CONTROL SYSTEM. {CONTINUED]) 3 .
. 5 {iv)
wT
MODULE | MODULE | ot
CQDE NAME & COMPONENT o | ITEM BLOCK DIAGRAM
AVECS-8 Hot Gas | A| Nitrogen Tank (7. 5-in OD) 1| 5
Propulsion} B| Start Valve : 1] 1
(N,H,) C| Regulator Valve 1{ &
274 01
Large Tankl D| Temperature Tranaducer 2|0
Ei Pressure Transducer . 2{0.1
F| Hydrazine Tank (24-in OD) 1] 25
G| l.atching Valves 2 1
H} Thruster (0.1 1b) 4 2
I { Thruster (5. 01b) 3 3
J | Remote Terminal 1 5
‘K| Power Conditioning 1 5
Cabling AR
Connectors AR
Environmental Protection AR
Structure AR
AVCS-9 Magnetic ]
: Torquez A| Magnetometer (3 Axis) 1 7
B| Amplifier 1 3 ‘
¢| coil 3| 10 | ~(D—A—B— (S ing
D| Power Conditioning 1 5
E{ Remoie Terminal 1 §
STANDARD SUBSYSTEM MODULES --GUIDANCE & NAVIGATION
GN-} Ine rtial A Controt and Readout Electronics 1| 40
VeasuTing | B Three Rate and Rate Integration Gyro Assy| 1| 40
C| Three Accelerometer Aapy - 1| 20 EJ' B B
D| Power Conditioning 1 5 .
£| Bemote Terminal 1 5
GN-2 Guidance & A| Input/Output Unit 1. 7
Control .
B|{ Memory Unit 1 ?
Asaembly C| Arithmetic & Control Unit i 7 E A] m €] E ]
D| Power Conditioning 1 5 i
E| Remote Terminal 1 5 :




V. SATELLITE MODULE ASSIGNMENT:

The primary factors for the satellite module aséignment of SRU's are
the performance requirements. Where high pointing accuracy (s 0. 1°) or low
attitude rate { < 10—4 deg/sec) is required, the reaction wheel can operate within
the jet deadband. This implies a set of three orthogonal wheels (AVCS-3) and
four reaction jet SRU'S (AVCS-7 or -8 depending on whether a small or a large
tank is used) placed symmetrically about the satellite, . Some overcapacity
(overkill) will result with this approach but the attitude control requirements
can be met, The results are shown in Table IV, |

In cases where the attitude pointing accuracy is less restrictive, a biased
momenturn system can be implemented. This implies a single reaction wheel
(AVCS-2, for example} SRU which can be operated at a constant speed to pro-
vide gyroscopic stability about two orthogonal axes., Precessional control and
the control about the,w‘heel spin axis can be effected by two reaction jet SRU's.
This approach tends to minimize the total number of SRU's per satellite and
should provide a sﬁfficiently satisfactory performance, The assignment of
the sensing SRU's depends on whether a low or high altitude orbit is involved
and if a star tracker is required. All sensing SRU's contain five sun sensors
for a 47 steradian coverage of the sun. The magnetic torquer SRU can be used
in low earth orbits for momentum desaturation. The IMU and the computer

SRU's are required for highly accurate and complex applications.

It should be noted, however, that the assignment approach presented
would result in a feasible rather than an optimum system, Further optimiza-
tions with respect to the SRU configurations, weight, and number per satellite
are necessary. The feasibility of using 2 single type of reaction jet SRU (hot
gas, resistojet or catalytic thruster) for all missions should also be reexamined
in the future when the performance requirements and the satellite characteris-
tics become still better defined,
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Table IV
Satellite Module Assignment

Satellite -

Space Replaceable Units

Payload Code

Misaion

Model SSPDA
AST-1B AS-03
AST-1C AS-05
AST-3 - | S0-03
AST-9A HE-11
AST-9B HE -01
PHY-1A HE -07

Attitude and

Guidance &

Velocity Control Navigation
Payload Code Item Qty Item  ; Qty
Cosmic Background AV(CS-3 1 GN-1 1
AVCS-6A] 1 GN-2 1
AVCS-7 4 ‘
AVCS9 1
Advanced Radio Astronomy AVCS3 1 GN-1 1
AVCS5 1 GN-2 1
AVCS-7 4
Solar Physics Mission AVCS3 1 GN-1 1
AVCSHA 1 GN-2 1
AVCS-T 4
AVCS9g
Focusing X-Ray Telescope - 1,2 M AVCS4 3 GN-1 1
' AVCS-6A 1 GN-2 1
AVCS-7 4
AVCS9 1
Focusing X-Ray Telescope - 3.0 M AVCS4 3 GN-1 1
B _ AVCS-HA 1 GN-2 1
AVCS-7 4
AVCS9 1.
Small High Ene rgy Observatory AVCS3 1 GN-1 1
: ' AVCS-5A] 1 GN-2 1
AVCS-T 4
AVCS9 1
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Table IV

Satellite Module Assignment (continued)

Satellite

Payload Code

Mission
Model

SSPDA

Payload Code

Attitude and
Velocity Control

M Space Replaccable Units

Guidance and
Navigation

Item

Qty

Iftem Dty

PHY-1B

PHY-1C

PHY-2A

EQO-3A

EQ-4A

EO-67; G

EO-7

AP-01

AP-02

AP-04

EO-08

EO-09

- EQO-12

EO-07

Upper Atmospheric Explorer

Mediurﬁ Altitude Explorer

Gravity and Relativity Satellite - 'LEO
Earth Observatory Satellite

Sync. Earth Observatory Satellite

Tiros

Synchronous Meteorological Satellite

NAVCS-5A

IAVCS-2

AVCS-8
AVCS-9

AVCS-2
AVCS-7
AVCS-5A
AVCS-9

AVCS-3
AV CS5-5A)
AVCS-8
AVCS-9

VCS5-3
'QVCS-BA
AVCS-8
AVCS-9

AVCS-1
AVCS-6
AVCS-8
AVCS-3°
AVCS-6A
AVCS-T
AVCS-9
AVCS-3

AVCS-6
AVCS-T7

e ——
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Table IV

Satellite Module Assignment (continued)

Satcllite Space Replaceable‘ Units i
' Attitude and Guidance ana '
Payload Code Velocity Control| Navigation
Mission Z i
Model SSPDA Pavload Code ltem Qty Item Qry
EOP-3 OP-07 Seasat B AVCS-2 1 N/A |
IAVCS-54 1 !
MVCS-7 2 i
AVCS-9 1 ‘
EOP-4 OP-01 Geopause vVCS§-2 1 N/A
VCs-5 1
VCS-7 2
EQCP-7 OP-04 Gravsat VCS-3 1 N/A
VCS-5A] 1 :
VCS5-8 4
VCSs-9 1
NND-1 CN-51 International Communication Satellite vVCSs-3 1 GN=-2 1
V(CS5-5 1
VC5-7 4
NND-ZA CN-52 U.8. Domestic Satellite - A VCEs-1 1 N/A
VCsS-5 1
| VCS-7 | 4
INND-2B. | CN-53 U.S. Domestic Satellite - B ves-2 |1 GN-2 | 1
' ' s ' ' VCS-5 1 :
VCS-7 4
NND-2D CN-58 U.S. Domestic Satellite - C vVCs-1 1 N/A
VCS-5 1
VCS-7 4
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Table IV

Satellite Module Assignment (continued)

Satellite Space Replaceable Units
Aititude and Guidance and
Payload Code Velocity Conirol] Navigation
Mission '
Model S5PDA Pavload Code Item Qty Ite:m Oivy
NND-3 CN-54 Disaster Warning Satellite AVCS-3 1 N/A
AVCS-5 1 ‘
AVCS-7 4
NND-4 CN-55 Traffic Management Satellite laves-3 | 1 N/A
AVCS-5 1
AVCS-7 4
NND-5 CN-56 Foreign Communication Satellite AVCS-1 1 N/A
AVCS-5 1
AVCS-8 2
NND-6 ' CN-5.9 Communication R&D Prototype AVCS-1 1 GN-2 1
AVCS-5 1 _
AVCS-8 .
NND-8 EO-56 Environment Monitoring Satellite AVCS-3 1 GN-2 1
: . : AVCS-6A1 1 :
AVCS-8 4
hvCs-9 | 1
NND-11 EQO-61 Earth Resources Satellite -~ LEO AVCS-3 1 GN-2 1
: . , VCS-5 1 '
VCS-7 4 -
VCSs-9 1
NND-12 EQ-59 Earth Resources Satellite - GEO VCE-3 1 GN;I 1
' . VCS-6 1 GN-2 1
VC5-8 4
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Table IV

Satellite Module Assignment {continued)

Satellite Space Replaceable Units
_ Attitude and Guidance and
Payload Code Velocity Control| Navigation
Mission
Mode] | SSPDA _ Payload Code Item | Qty | Item | Qty
“INND-13 EO-62 Earth Resources Satellite - Foreign AVCS3 1 GN-1 1
- ' - ' AVCS6 | 1 GN-2 1
AVCS-8 4 ‘
NND-14 OP-08 Global Earth and Ocean Monitoring AVCS3 1 N/A
Satellite AVCS5A] 1 ‘
AVCSS 4
AVCSH 1
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